Iron-catalyzed cross-coupling reactions are distinguished by many virtues. [1] [2] [3] [4] [5] [6] [7] [8] While the potential economic and environmental benefits of using a largely benign and very cheap base metals are obvious, specific chemical characteristics such as the ready scalability [9] and the often exceptional reaction rates even at low temperatures are also noteworthy. Moreover, bare iron catalysts allow various C À X bonds, which are considered fairly unreactive by the standards of palladium chemistry, to be activated with surprising ease. An early lead finding was the discovery that (hetero)aryl chlorides are innately better partners than their bromide or iodide counterparts. [10, 11] Since then, the list of electrophiles amenable to iron-catalyzed cross-coupling has been considerably extended to encompass sulfonates, sulfamates, sulfones, sulfides, phosphonates, carbamates, and even pivalates, to name the most prominent examples. [10, 12, 13] Likewise, alkyl halides perform surprisingly well [1] [2] [3] [4] [5] [6] [7] [8] and iron-catalyzed CÀH bond activation has also made considerable progress. [2, 14] Herein we expand this list by pursuing a conceptually different type of formal cross-coupling process. The reaction is distinguished by the fact that the leaving group is an integral part of a heterocyclic ring which is opened as the new CÀC bond is formed. Though potentially very useful, such transformations have surprisingly little precedent in the prolific cross-coupling arena altogether. [15, 16] We became aware of this unusual reaction format while analyzing the results of the seemingly routine cross-coupling of the triflate 1 with various Grignard reagents in the presence of [Fe(acac) 3 ] (5 mol %, Scheme 1). [17, 18] Although iron-catalyzed CÀC bond-forming reactions of other 2-pyrone derivatives had previously met with limited success, [19] the alkylations of 1 proceeded smoothly, thus furnishing compounds 2 in appreciable yields. However, the crude reaction mixture contained small amounts of dialkylated by-products of type 3 as a mixture of isomers. Ring-opening reactions of 2-pyrones usually occur upon nucleophilic attack of a Grignard reagent onto their carbonyl group. [20] In the present case, the iron catalyst has obviously superseded this conventional reactivity mode and turned it into a rather unusual cross-coupling process, in which the lactone moiety gained a new role as a nontraditional leaving group. [21] Intrigued by this outcome, we focused on the optimization of this novel transformation using MeMgX as the reagent (Table 1 ). This choice was basically dictated by the fact that the resulting di-unsaturated acid derivatives are of immediate relevance for target-oriented synthesis since many natural products comprise stereodefined methyl-branched dienyl carboxylate or methyl-branched dienyl carbinol subunits. [22] When working at À30 8C in Et 2 O, toluene, or mixtures thereof, the acid 5 a was obtained from the pyrone 4 a and MeMgBr in high yield after only 20 minutes and virtually as a single isomer (> 20:1). Its non-thermodynamic 2Z,4E configuration was confirmed by X-ray diffraction (see the Supporting Information). It is of note, however, that even small amounts of THF in the mixture led to substantial scrambling of the double bond geometry; therefore it is important that the Grignard reagent itself be prepared in an Et 2 O solution. Products comprising a disubstituted (rather than trisubstituted) alkene in conjugation to the acid are even more isomerization prone (Table 2 ). Yet, even such dienyl carboxylates could be secured with respectable selectivity in favor of the 2Z,4E isomer, provided that the reactions were performed and quenched at À60 8C. Interestingly though, almost complete isomerization with formation of the thermodynamically more stable 2E,4E-configured acids 6 was observed when the mixtures were allowed to reach ambient temperature prior to work-up ( Table 2 , entries 1-6). The data in Table 2 also illustrates the structural scope of the method. Good to excellent yields were attained in all cases investigated and the selectivity was invariably high. As expected from our previous experiences in the field of iron catalysis, [10] [11] [12] 23] the reaction turned out to be compatible with a variety of functional groups, including primary alkyl iodides and chlorides, esters, ethers, silyl ethers, enol ethers, acetals, aryl fluorides, and even cyclopropyl rings adjacent to the reacting site.
Higher-alkyl Grignard reagents can also be used for the pyrone ring-opening/cross-coupling when the reaction is performed in Et 2 O/toluene (1:1; Scheme 2). Since slightly longer reaction times are needed, the corresponding 2E isomers were selectively formed. Likewise, the consecutive introduction of two different alkyl groups is feasible starting from hydroxypyrone triflate derivatives such as 1 (Scheme 2). Many applications of this new methodology can be perceived, not least because of the ready availability of 2-pyrone derivatives by a host of different methods. [20, 24] Our first foray concerned the marine metabolite pateamine A which embodies a non-thermodynamic Z,E-configured diene carboxylate in its macrodiolide frame (Scheme 3). [25] This sensitive segment was prepared in excellent isomeric purity by the iron-catalyzed formal ring-opening/cross-coupling of the simple pyrone derivative 7. Pateamine A is a potent inhibitor of eukaryotic translation initiation, [26] exhibits considerable immunosuppressive activity, [25] and was recently found to prevent cachexia-induced muscle wasting in mice. [27] Cachexia is a potentially lethal syndrome affecting many cancer and AIDS patents, and pateamine A is the first small molecule that was reported to exert an appreciable therapeutic effect on this severe disease in animal models.
The total synthesis of the cytotoxic tryptamine derivative granulatamide B, isolated from the gorgonian Eunicella granulate, further illustrates the power of the new methodology (Scheme 3). [28] Multigram amounts of the required pyrone substrate 10 were obtained by condensation of the cheap 3-methyl-crotonate 9 and octanoyl chloride. [24] Subsequent ring-opening/cross-coupling proceeded smoothly under the standard reaction conditions to give the acid 11 as a single isomer (83 %, 2.5 mmol scale), which was condensed with tryptamine to furnish granulatamide B. Our sample was identical in all regards with the isolated natural product. [28] Although the mechanism of this formal ring-opening/ cross-coupling reaction is still under investigation, our preliminary data render a standard redox cycle involving oxidative addition/reductive elimination unlikely. Otherwise it would be difficult to explain why the closely related substrates 12-14 could not be engaged (Scheme 4). Even in the presence of an iron catalyst, MeMgCl simply added to their respective carbonyl groups. Rather, it is believed that the affinity of low-valent iron to 1,3-dienes is the key enabling feature for the new transformation described herein. [29] The reaction may therefore be related to the 1,6-additon processes described by Urabe and co-workers, who showed that a,b,g,dunsaturated esters, amides, and sulfones react with aryl Grignard reagents in the presence of catalytic amounts of FeCl 2 to furnish Z-configured products exclusively (Scheme 4).
[30] The striking regio-and stereoselectivity of this transformation was explained by a transient s-cis diene iron complex as the key reactive intermediate.
The notion that the ring-opening/cross-coupling occurs by a similar pathway is supported by the known complex 15 in which 2-pyrone serves as an h 4 -bound diene ligand to an iron center (Scheme 5). [31] In the presence of alkyllithium reagents however, 15 reacts at the lactone carbonyl rather than at the enol site.
[31] Therefore we propose that the critical delivery of the methyl group in our reaction occurs by an inner-sphere mechanism once a p-complex of type A between the pyrone substrate and an iron species carrying a methyl substituent has been formed. Previous investigations from this laboratory showed that the exhaustive methylation of Fe II provides ate complexes such as [{(Me 4 Fe)·(MeLi)}{Li·(OEt 2 )} 2 ] (16) as the primary products. [32, 33] Control experiments confirmed that 16 is both, an adequate stoichiometric nucleophile to effect formal ring-opening/cross-coupling of the model compound 4 a, as well as a competent catalyst for the reaction of this substrate with MeMgBr. Under its aegis (15 mol %), 5 a was formed in 82 % yield with high Z/E selectivity (9:1).
Methyl transfer by formal conjugate addition to the p system of the pyrone is supposed to engender formation of an iron (or magnesium) enolate of type B. Subsequent electrocyclic ring-opening might account for the formation of the diene carboxylate products. This step resembles the base-mediated ring-opening of unsaturated lactones, which has ample precedent in the literature. [34] Although this pathway is suggestive, the actual mechanism of the newly discovered formal ring-opening/cross-coupling reaction must be more involved. In any case, an ordinary electrocyclic opening of an enolate of type B hardly explains why the incoming methyl group replaces the lactone entity of the 2-pyrone ring with strict retention of configuration of the enolic double bond. Virtually no trace of the other isomer was detected even if the two substituents at the 6-position are of similar size as is the case for 5 e (Me versus Et, Scheme 5). This selectivity pattern mandates a stereochemical communication between the breaking bond and the metal center, which a flat O-metalated enolate B does not provide. A Cmetalated species of type C could be invoked, for which there is some precedent in the literature. [35] Alternatively, one may speculate that the species accountable for ring opening is a carbometalation product of type D, which formed upon initial syn-selective 1,2-insertion of the p system into the FeMe bond. If a subsequent trans elimination from the most stable conformer is faster than a metallotropic rearrangement into B/C, a sequence of two stereodefined elementary steps will ensue and could explain the experimental results.
This open mechanistic aspect notwithstanding, we believe that this new methodology provides a useful entry into stereodefined dienyl carboxylates and derivatives thereof, starting from readily available 2-pyrones, and adds a valuable facet to the timely field of iron catalysis. From the conceptual viewpoint, the reaction epitomizes a largely underrepresented mode of cross-coupling based upon ring-opening of a heterocyclic scaffold. As such, the present study may inspire methodological developments in related areas of catalysis as well. Further investigations in this laboratory are underway to explore some of these possibilities. Keywords: cross-coupling · dienes · heterocycles · iron · natural products
